A new method for the measurement of cardiac output has been tested in 69 patients undergoing catheterization of the right and left sides of the heart. It is based on the recently described fiberoptic hemoreflection method. In order to verify the validity of these measurements, correlations with stroke indices determined by the Fick principle and by biplane angiocardiography were also carried out. Details of the biplane angiocardiographic technique and of the fiberoptic calibration methods are given.
transmitted along their length with only small losses of energy, and on the hemoreflection method in which the dye concentration is proportional to the ratio of light intensities at 805 myi (isobestic point for indocyanine green) and 910 mp (reference wavelength). This ratio is instantaneously and continuously computed. *2, 3 The purpose of the present study was first of all to determine the feasibility of this rapid determination of green-dye concentration in a group of patients with congenital and acquired heart disease, and also to investigate the accuracy with which cardiac output and stroke volume may be measured by this method in comparison with the conventional direct Fick and the recently introduced biplane angiocardiographic methods. 4 While the first two approaches may be termed "indirect methods," for which no direct proof is available, the latter is based on the direct measurement of visual images of the left ventricular chamber in end diastole and end systole and as such may, theoretically, be considered as the most reliable of the three.
Methods
The catheterization records of 69 patients were analyzed for this study. These individuals were selected from 300 patients consecutively studied by means of right and left heart catheterization over a 2-year period (1965) (1966) (1967) at the Cardiopulmonary Laboratory, Children's Hospital Medical Center, Boston, Massachusetts. The patients had a variety of congenital and acquired heart diseases, without shunts or valvular regurgitation. Their ages varied from 6 weeks to 28 years. The single criterion for selection from this larger group was the availability of determinations of cardiac output in quick succession by any two of the three methods under scrutiny (fiberopticindicator dilution, direct Fick, biplane angiocardiography).
Multiple fiberoptic curves were obtained in all, in certain cases as many as 10 times within 30 minutes. Duplicate determinations by the Fick method were available and at least two, mostly three, cardiac cycles were studied with the angiocardiographic method.
*The instrument used was built by the American Optical Company, Southbridge, Massachusetts.
Circulation, Volume XXXVII, May 1968 Details regarding the fiberoptic-indicator dilution method (FO) have recently been given elsewhere." 5 The calibration of the curves and calculation of cardiac output may be summarized as follows:
After the catheterization was terminated, a sample of 3 ml of arterial blood, taken at the beginning of the procedure, was placed in a cuvette with a magnetic stirrer. The tip of the fiberoptic catheter was placed in the blood-filled chamber and small aliquots (3/1,000 ml) of the same dye mixture as that utilized in the patient, were added to the blood. A microliter syringe* was employed for this purpose. After mixing had taken place in the agitating chamber (flow simulator), the deflection from the base line was recorded. As many aliquots were added as were needed to obtain a dye concentration equal to that existing at the peak of the indicator-dilution curve. The results were plotted as a function of the injected dose. Cardiac output was then calculated according to the formula: Cardiac output (L/min) = 60 x Cal. defl. x Vol dye injected Curve area where Cal. defl. = the average deflection from the base line per unit of dye (0.003 ml of dye in 3 ml of blood) in mm/ml dye/L of blood Vol dye injected = the volume of indocyaninegreen mixture injected into the patient at the time of the dye curve (ml of dye)
Curve area = the planimetrically obtained area of the inscribed curve, expressed in mm of deflection X seconds 60 = seconds per minute. Biplane angiocardiograms were obtained at 6 or 12 frames per second and timed with respect to the heart cycle. An average of 20 exposures were made, enabling the study of at least three cardiac cycles. Stroke volume was calculated as the difference of end-diastolic (EDV) and end-systolic volumes (ESV). Injection of the contrast medium was carried out in the left ventricle or atrium.
Details of the angiocardiographic methods for calculation of volumes have been given else-where5 and are based on those by Dodge and co-workers6 and Arvidsson.7 The Elema Schonander film changer utilized in the study was cal-*No. 701N, Hamilton Precision Company, Whittier, California. ibrated after the method of Dodge and associates6 with some simplifications. In essence, our method of correction for image enlargement is based on a full scale schematic model which reproduces the geometric distortion caused by the short xray-tube-to-film-distance used during biplane filming. The model consisted of a network of taut threads for each respective anteroposterior and lateral plane secured at the schematic x-ray focal spot and radiating conically about the schematic x-ray central beam to be secured at 1-cm dis-tances, respectively, from each other at the plane of the x-ray film. The placement of these points on each film was checked periodically by a calibrating grid consisting of small holes at fixed intervals over a lead sheet placed in a rack which was raised above the film plane in increments of 1 cmn. Radiographs using this device were prepared for each film plane. Correction for image enlargement using this system is carried out as follows: A point that can be clearly identified in both planes of a set of films is selected. On Comparison of stroke index determined after injection of indocyanine green into the pulmonary artery and after injection into the left ventricular cavity directly. Sampling was carried out in both instances from a fiberoptic catheter placed in the aortic root approximately 2 cm from the aortic valve.
the schematic model the free end of a thread for that point is located at a corresponding site in the clinical film. The identical procedure is followed for the other plane. The point at which these two threads intersect for the model defines the position of the point in space with respect to the film planes. By direct inspection of the schematics, the adjusted or corrected elevation may be read off for each plane and thus the correction factor for magnification determined from a set of tables. Other details, including correction for "trapped" volume between trabeculae, have been described elsewhere.5
The direct Fick method was applied in the standard fashion. Expired air collection was carried out, in duplicate, over 3 minutes. Paired blood samples were withdrawn from the pulmonary artery and a systemic artery at the beginning and the end of each air collection. The expired gas was analyzed by a Beckman P02 meter* or by the Scholander technique (22 cases). Expired air volume was measured in a Tissot respiratory meter, and all values were corrected for standard temperature and pressure, dry (STPD). Blood samples were analyzed by spectrophotometer* or by reflection oximetry.t Oxygen-carrying capacity was determined bv the method of Nahas.8 Since, at the various determinations, heart rates were not identical in a large number of patients, analyses were carried out for the groups as a whole and also separately for those patients in each group whose heart rates differed less than 10 beats from each other. To minimize the differences between ages and heart rates, cardiac output was expressed as stroke index. The usual statistical analysis was carried out to determine correlation coefficients and regression analyses.
Results
Fiberoptic-dye dilution curves were recorded for 37 patients after both pulmonary artery and left ventricular injections (table 1, fig. 1 ). Stroke indices calculated from these curves varied from 12 to 80 ml/m2. Heart rates ranged from 62 to 136 beats/min. Thirty patients had heart rates differing less than 10 beats. The correlation coefficient for stroke indices after injection at these two sites for the entire group (n -37) is 0.930; 95% confidence limits, 0.91 < p < 0.95) and for the subgroup with virtually identical heart rates (n = 30, r = 0.973; fig. 1 ). Thus, inclusion of the seven patients with markedly differing heart Comparison of stroke index determined by the fiberoptic-indicator dilution method (after pulmonary artery injection and aortic root sampling) and by the Fick method. There is a slightly higher correlation coefficient when the patients in whom heart rates differed by more than 10 beats between the two determinations were excluded. Figure 3 Comparison of stroke index determined by the fiberoptic-indicator dilution technique (after LV injection and aortic sampling) and by the Fick method. The much higher correlation coefficient observed in the total group must be in part ascribed to the fact that a very large (174 ml/m2 by FO) and very small (14 ml/m2) volume were included in the calculation of the correlation coefficient. To exclude the effect of these two observations, the correlation coefficient was also calculated for 45 patients in whom the heart rates difered less than 10 beats between the two determinations (r = 0.760). fering less than 10 beats and 13 with more than 10 beats difference (table 2) . Stroke indices varied from 19 to 119 ml/M2 with heart rates that were as low as 64 and as high as 168 beats/min. The correlation coefficient between the dye-dilution technique (PA injection) and the Fick method is 0.814 for the group with similar heart rates (95% confidence limits, 0.68 < p < 0.89). Again, inclusion of those patients with a differing state decreased the coefficient somewhat (r 0.789; 95% confidence limits, 0.68 < p < 0.89, SIpA = 0.787 SIFiCk+4.85 (in Ml/M2). The mean for the FO after PA injection was 44.2 ml/M2; for the Fick method, 50.1 ml/M2. The difference was 5.9 ml/rn2; SE was 1.3 ml/m2. For the second group, 58 observations (table 3, fig. 3 ) stroke index varied from 14 to 178 ml/m2. Forty-five observations were made with similar heart rates, 13 with heart rates differing more than 10 beats/min. If fig. 4 ). In 31, heart rates differed 10 beats or less; in 11, more than 10 beats. Arrhythmia occurred during biplane filming in eight patients and consisted of one or two premature supraventricular or ventricular beats. Measurements in these patients were made on the available cycles with normal sinus rhythm. These patients were included to study the degree of variation that occasional premature beats would cause. Stroke index in the total group of 42 patients varied from 11 to 102 ml/M2 (mean, 49.1 ml for FO, 48.2 mI/M2 for angio). Heart rates varied from 55 to 150 beats/min. The correlation coefficient for the entire group was 0.799; 95% confidence limits were 0.65 < p < 0.90. For the selected subgroup of 24 patients with heart rates differing less than 10 beats and without arrhythmia during biplane filming, r =0.833 (95% confidence limits, 0.66 < p < 0.91), a significant difference. The regression equation describing the relationship in the entire group (n = 42) is SIuo = 1.141 SIA-7.76 (in ml/ m2).
In 23 patients stroke index was calculated by the Fick as well as by the angio method (table 5, fig. 5 ). In underestimation by angio of 2.5 mi/M2 at the mid-range, 50 ml/m2/stroke volume, but an overestimation in the patients whose stroke volumes were less than 45 mi/M2; in fact in the usual range of resting stroke volume (30 to 70 mI/rM2) the angiocardiographic data vary from an overestimate of 5 mI/M2 at the Comparison of stroke index determined by the Fick and the fiberoptic methods and by the angiocardiographic method. As in previous illustrations the best correlation is generally found when determinations are compared in patients with heart rates differing less than 10 beats between the determinations. densitometer dye-dilution technique in a small number of cases.' There would appear to be no fundamental differences between both dyedilution techniques as long as there is evidence that mixing of the injectate, particularly after LV injection, is adequate and that the fiberoptic-hemorefiection technique is capable of recording high concentrations of the indicator in a linear fashion. Evidence for the latter is available in the literature3 and is also shown in figure 6 , where a linear calibration curve is demonstrated for concentrations of indocyanine green in excess of amounts normally used. Furthermore, since after each determination of cardiac output, a calibration procedure was carried out, evidence has accrued that, provided no fiber breakage occurs, the response of a given catheter remains constant throughout its life. Regarding the first problem, that of mixing after LV injection, it could be shown that injection of indicator (Right panel) a, b, and c show the response to increasing dye concentrations as measured by a no. 5 French catheter (a), by a standard no. 6 French fiberoptic catheter (b), and by a no. 7 French catheter (c). The response is linear although the sensitivity increases as more fibers are available for the measurement. into the left ventricle with aortic sampling gave results for stroke volume that were linearly related to those after injection into the pulmonary artery although average stroke volume after LV injection exceeded that after PA injection by 10 .5% (r = 0.973, table 1; fig. 1 ). Since in the latter instance the dye traversed a generally accepted mixing bed, the close correlation of the results indicates that for purposes of cardiac output determinations the left ventricular cavity is, indeed, an adequate mixing chamber. In fact, the consistent excess of the LV stroke volume above the PA stroke volume over the entire range of observations indicates that inoomplete mixing in the LV is unlikely inasmuch as a smaller stroke volume should have been observed. (Incomplete mixing = higher indicator concentration = larger curve area = artificially large denominator [see formula, page 695] =smaller than expected output). Consistently lower values for stroke volume, after injection in the right side of the heart, have also been observed by other workers utilizing different sampling systems.9 The explanation given is that the indicator, after injection in the right side of the heart, actually spreads out rather than travels as a square wave bolus. Indicator mixing, therefore, does not correspond to the original premise of the indicator-dilution principle. Rather, the leading (low concentration) particles upon recirculation may become part of the tail section of the original curve and lead to a falsely large curve area, and hence, to an underestimate of cardiac output. Our results indicate that this is the correct explanation and that stroke volume by FO after LV injection must be considered the appropriate value.
Since cardiac output determined by fiberoptics (FO) was shown to be comparable to that determined by the conventional dye-dilution technique,' a comparison with the Fick technique was expected to yield results similar to those reported by other workers.'0 Indeed, a comparison of stroke volumes determined both by the FO and the Fick methods, carried out in 100 instances, indicated good agreement even when heart rates varied considerably (r = 0.859; mean difference, 3.3 ml/m2), but the highest correlation and best confidence limits were observed when LV injection and Fick were compared. While our data generally indicate good agreement between dye-dilution technique and the Fick method, both methods remain subject to the critiques expressed in these earlier studies.'0 11 Compared to the relatively large error in reproducibility shown by Sleeper and co-workers,'0 our results, after LV injection particularly, compare favorably.
The difficulties inherent in complicated sampling systems and the withdrawal of sizable amounts of blood may form a partial explanation for the observed variations. The lack of manipulation of the cardiovascular system due to the unique sensing characteristics of the present method may exert a positive influence toward stabilization and reproducibility of the procedure.
Considering the paucity of data on the angiocardiographic determination of cardiac output and stroke volume,3"2 the study was extended to include a comparison of stroke volume by FO or Fick methods with that obtained by biplane angiocardiographic technique. Gribbe in 196013 showed in 34 anesthetized animals that angiocardiographically determined stroke volumes were some 8.5%
higher than those derived by the direct Fick method. There was, however, considerable scatter around the regression line. In 1962, Dodge and associates4 published the first results of the angiocardiographic method for determination of stroke volume in a series of 14 adults. Slightly before this, Arvidsson7 had reported fair agreement between the Fick and angiocardiographic methods in determining left ventricular minute volume. Since he used general anesthesia and also positive intrathoracic pressures during his biplane filming, there is some doubt as to the validity of these data. Dodge and co-workers4 also compared their angiocardiographic results with those obtained by the Fick and the indicator-dilution techniques, in 11 of their 14 5 ) and an overestimate of a similar amount at the lower end. Dodge and co-workers4 concluded that since stroke volume by angio was determined over two or three beats while their other two methods reflected an average cardiac output over at least 10 beats, the discrepancies were due to temporal difference rather than to an essential disagreement in methodology.
In 1964, Miller and Swan12 also showed that angiocardiographically determined stroke volumes exceed those derived by the indicatordilution method by 15%. Although these authors explained the difference by the effect of injection of large volumes of fluid into the central vascular system, subsequent analysis suggests that the discrepancies in that study may, in a large part, be explained by their method of calculating the angiocardiographically determined intracardiac blood volumes. Studies by Dodge, Sandler and associates4 6 and from this laboratory5 have shown that Arvidsson's method, employed by Miller and Swan'2 will exceed the volumes determined by the area-length method by 15 to 22%.
The results of the present study also indicate that a small but systematic difference between the angiocardiographic and dye-dilution or the Fick determination of cardiac output and the stroke volume exists. The discrepancy in Biplane angiocardiograms of a 2-year-old girl with aortic stenosis. The upper panels show the end-diastolic volume, the lower, the end-systolic volume. It can be seen that although the outline that is drawn in on the lower panels traces the most likely boundaries of the end-systolic cavity, different interpretations would be possible. When stroke volume in nonregurgitant lesions determined by the Fick or the FO method is compared to that determined by angio in selected patients, r increases to 0.878, and the differences between the methods are further reduced although the angio stroke volume remains slightly higher (by about 4%). The selection was achieved by exclusion of patients whose heart rates differed by more than 10 beats, by exclusion of those patients with valvar aortic stenosis whose end-diastolic volume was less than 80 ml/m2, and by exclusion of all patients with end-diastolic volume below 70 ml/m0 except when injection was made into the left atrium. In this fashion the effect of sudden injections of contrast medium in small and "'responsive" ventricles on the ejected stroke volume was minimized (see text; compare with fig. 4 ). a given case may be explained by the suggestion of Dodge and co-workers,4 that stroke volume determined by angio over three to four beats would vary more than the results of the Fick method which is employed over 2 to 3 min. On the other hand, this explanation does not hold for the FO method, particularly not with left ventricular injection since the indicator is washed out in three to four beats. More attractive is the explanation given by Hallerman and associates14 and by Sanmarco'5 that injection of contrast medium into the left ventricle leads to an immediate increase in intraventricular volume and, because of this increase in preload, to a direct augmentation of the ejected volume. Sanmarco'5 indicated that the range of increase in stroke volume was between 5 and 15%, measuring the latter by an electromagnetic flowmeter. Although the average difference in our 65 observations was 2.59, individual differences were easily in the range indicated. Another factor that may enter here is the difficulty, in certain cases and in particular in congenital aortic stenosis (in which concentric hypertrophy and prominent trabecular structures may be found), in determining endsystolic volumes accurately. As shown in figure 7 , exact determination of the dye-blood mass in the end-systolic cavity is difficult and perhaps occasionally impossible. Even with the best quality films, one cannot be absolutely certain where trabeculations end and cavity contents begin. This was also shown conclusively by the studies of D'Avila and Sanmarco.'6 Since, in our patients, the discrepancies were greatest when such irregular cavities were present, this factor must also be taken into account. Finally, the application of Dodge's form-ula for the correction of contrast trapped between the trabeculations and measured as true intracardiac volumes may overcorrect the end-systolic volumes, particularly if these are smaller than 25 ml. A + 10% correction reduces these values considerably and thus may lead to overestimation of stroke volume.
It is likely that both factors, overestimation of stroke volume by more forceful ejection and by visual underestimation of end-systolic volume will affect small cavities more than large cavities. As shown in figure 8 , the agreement between the Fick and the fiberoptic-dye dilution methods on the one hand and the angio method on the other was considerably improved when only stroke volumes from the larger left ventricular end-diastolic cavities or after left atrial injection ( fig. 9 ) or from patients without aortic stenosis were compared. This finding indicates that these factors exert progressively less influence with largersized left ventricular end-diastolic cavities or when this cavity is less directly stimulated by the injected contrast medium.
In conclusion it appears that the new fiberoptic-indicator dilution method gives results equal to, or better than, those obtained by Figure 9 (A and B) Pulmonary artery views of a biplane angiocardiogram in a 14-year-old with atrial septal defect and constrictive pericarditis. Films were exposed in diastole and systole; injection was made into the left atrium. In this instance contrast medium reached the left ventricle slowly and constituted no afterload. This factor is thought to be the main reason for the good agreement between angio and fiberoptic stroke volumes, even though the end-systolic and end-diastolic volumes were very small (see text, and figs. 4 
and 8).
the Fick or the angio method. Furthermore, it excels the angio or the Fick method by its ease of application, its facility of execution, and the singular great advantage of permitting repeated determinations of cardiac output within short intervals without the need for withdrawal of any blood.
Preamble to Venous Catheterization (Forssmann) "In emergency conditions which menace patients by interruption of cardiac activity, such as in acute collapse in cardiac patients or in anesthetic episodes and poisoning, one is forced to undertake a rapid local drug treatment. In such cases, the sole remedy is often an attempt at intracardiac injection which then occasionally can be life-saving. Nevertheless, intracardiac injection always remains a dangerous measure on account of the numerous cases in which death occurs by damage to the coronary vessels and their branches, and therewith by hemorrhage into the pericardial sac and by cardiac tamponade (i.e. the accumulation of fluid, causing pressure, in the sac enclosing the heart). Furthermore, damage to the pleura can also lead to a fatal pneumothorax.... These considerations have led me to seek a new way whereby one can penetrate into the heart without danger, and so I have investigated the probing of the right heart, approaching it from the venous system.. 
